tion by increasing the membrane potential and ATPase activity and reducing the intramitochondrial free radical production. Activity of the electron transport complexes Ⅰand Ⅲ was increased in both cirrhotic groups. In addition, untreated cirrhotic rats showed an increase of caspase 3 activation and apoptosis. IGF-Ⅰtherapy reduced the expression of the active peptide of caspase 3 and resulted in reduced apoptosis.
INTRODUCTION
Insulin-like growth factor-Ⅰ(IGF-Ⅰ) is an anabolic hormone produced mainly in the liver in response to growth hormone (GH) stimulation [1] . In cirrhosis, the reduction of receptors for GH in hepatocytes and the reduced ability of synthesis of the hepatic parenchyma cause a progressive decrease in serum IGF-Ⅰlevels [2, 3] . We have shown previously that short courses of treatment with IGF-Ⅰin rats with carbon tetrachloride-induced cirrhosis induced many systemic beneficial effects [4] [5] [6] [7] [8] [9] [10] [11] and showed hepatoprotective, antioxidant and antitibrogenic properties [12] [13] [14] [15] . However, these mechanisms of IGF-Ⅰ activities regarding the improvement of liver function and fibrosis are not fully understood. We have suggested previously that the described hepatoprotection by IGF-Ⅰ therapy in rats with carbon tetrachloride-induced cirrhosis
BASIC RESEARCH

Mitochondrial protection by low doses of insulin-like growth factor-Ⅰin experimental cirrhosis
could be related to mechanisms of mitochondrial protection [12] . Mitochondria are a major source of reactive oxygen species (ROS) under physiologic conditions, because 2% to 3% of the O2 consumed is converted to O2 -. Intramitochondrial ROS production increases after peroxidation of mitochondrial membrane lipids [16] [17] [18] [19] [20] . Mitochondria are particularly sensitive to ROS-induced injury in the pathogenesis of disease. Oxidative stress exerts deleterious effects on mitochondrial function by directly impairing oxidative phosphorylation through direct attack of proteins or membrane lipids. ROS can also induce mitochondrial DNA deletions and mitochondrial membrane permeability transition (MMPT) [21] . MMP pore opening activates caspases which is an endpoint to initiate cell death. Furthermore, it has been implicated in the pathogenesis of many fibroproliferative diseases including liver fibrogenesis [22] . Recently, a large number of studies have associated mitochondrial dysfunction caused by ROS to both accidental cell death (necrosis) and programmed cell death (apoptosis) [19, 23, 24] . In order to give a better insight into the mechanisms by which IGF-Ⅰexerts an hepatoprotective action on damaged liver and supposing that mitochondria could be one of the main cellular target of IGF-Ⅰ, the aims of the present study were: (1) to characterize the mitochondrial dysfunction in experimental liver cirrhosis and (2) to study whether IGF-Ⅰ(4 wk) induces beneficial effects on damaged mitochondria leading to cellular protection. Thus, we have extended our study to analyze the effect of IGF-Ⅰ on mitochondrial function (Mitochondrial Potencial Membrane, intramitochondrial free radical production and "in vitro" complex activities), caspase 3 activation and apoptosis. In this series we included three experimental groups of Wistar rats: healthy control group (CO); untreated cirrhotic rats (CI) and cirrhotic rats treated with IGF-Ⅰat low doses (2 μg/100 g bw/d, CI + IGF-Ⅰ).
MATERIALS AND METHODS
Animals, liver cirrhosis induction
A l l ex p er i m en ta l p r o c e d u r e s we r e p e r f o r m e d i n conformity with The Guiding Principles for Research Involving Animals [25] . Cirrhosis was induced as previously described [5, 12] . Briefly, male Wistar rats (3 wk old, 130-150 g) were subjected to CCl4 inhalation (Merck, Darmstadt, Germany) twice a week for 11 wk with a progressively increasing exposure time from 1 to 5 min. From that time since 12 wk until the 16 wk rats were exposed to CCl4 once a week for 2 min (5 additional doses of CCl4).
During the whole period of cirrhosis induction animals received phenobarbital (Luminal, Bayer, Leverkusen, Germany) in the drinking water (400 mg/L). Both food (standard semipurified diet for rodents; B.K. Universal, Sant Vicent del Horts, Spain) and water were given ad libitum. Healthy, age and sex-matched control rats were maintained under the same conditions, but received neither CCl4 nor phenobarbital.
Study design
IGF-Ⅰtherapy or saline was administered the last 4 wk (13th-16th wk, 28 d), cirrhotic rats were randomly assigned to receive either vehicle (saline) (group CI, n = 6) or recombinant human IGF-Ⅰ(Chiron Company, San Francisco, CA) (20 μg/kg per day in two divided doses, subcutaneously) (Group CI + IGF-Ⅰ, n = 6) for 4 wk. Healthy control rats (Group CO, n = 6) received saline during the same period.
In the morning of the 29th day (after 4 wk of treatment), rats were weighed, blood was obtained from the retroocular plexus and animals were killed by decapitation. After the abdominal cavity was opened, the livers were dissected and weighed. No animals developed ascites in this series that was considered as compensated cirrhosis. A sample from the left major liver lobe and the testes was processed for histological examination (fixed in Bouin's solution) and the righ lobe was placed in ice-cold isolation buffer. Bouin-fixed tissues were processed and sections (4 μm) were stained with haematoxylin and eosin and Masson's trichrome. Liver cirrhosis was confirmed in all animals treated with CCl4 following the criteria previously reported [12, 15] .
Analytical methods
Liver function tests were determined by routine laboratory methods using a Hitachi 747 autoanalyzer (Boehringer Mannheim, Mannheim, Germany).
4-Hydroxynonenal determination
Lipid peroxidation is a well-established mechanism of cellular injury in animals and is used as an indicator of oxidative stress in cells and tissues. Lipid peroxides are unstable and decompose to form a complex series of compounds including reactive carbonyl compounds.
Polyunsaturated fatty acid peroxides generate malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) upon decomposition. Measurement of malondialdehyde and 4-hydroxyalkenals have been used as an indicator of lipid peroxidation [26] . The LPO-586 method (Biotech, Oxis International Inc, USA) is designed to assay MDA in combination with 4-hydroxynonenal.
The LPO-586™ assay is based on the reaction of a chromogenic reagent, N-methyl-2-phenylindole, with MDA and 4-HNE at 45℃. One molecule of either MDA or 4-hydroxyalkenal reacts with 2 molecules of reagent N-methyl-2-phenylindole to yield a stable chromophore with maximal absorbance at 586 nm. For simultaneous determination of MDA and 4-HNE, one must use the procedure utilizing methanesulfonic acid (MSA) as the acid solvent.
Protein carbonyl content (PCC) determination PCC was determined by the method of Levine et al [27] . The sample was divided into two portions containing 1-2 mg protein each. To one portion, an equal volume of 2 mol/L HCl was added and incubated at room temperature for one hour, and shaken intermittently. The other portion was treated with an equal volume of 10 mmol/L DNPH in 2 mol/L HCl and incubated for one hour at room temperature. After incubation, the mixture was precipitated with 10% TCA and centrifuged. The precipitate was washed with ethanol:ethyl acetate (1:1), twice dissolved in 1 mL of 6 mol/L guanidine HCl, centrifuged at low speed and the supernatant was taken. The difference in absorbance between the DNPH-treated and HCl-treated samples was determined at 366 nm.
Isolation of liver mitochondria
Liver mitochondrial fraction was prepared according to the method described by Schneider and Hogeboom with modifications. Liver samples were homogenized (1:10 w/v) in an ice-cold isolation buffer pH 7.4, containing sucrose 0.25 mmol/L, KH2PO4 5 mmol/L, MOPS 5 mmol/L, and 0.1% BSA. The homogenate was centrifuged at 800 g for 10 min. The resulting supernatant was centrifuged at 8500 g for 10 min. The supernatant was discarded and the pellet was diluted in cold isolation buffer and centrifuged at 8500 g for 10 min three times. The final mitochondria pellet was resuspended in a minimal volume and aliquots were stored at -80℃ until use in enzyme assays. All procedures were conducted at 4℃.
Flow cytometry analysis
Mitochondrial membrane potential was evaluated using rhodamine 123 dye (RH123) obtained from Molecular Probes, Inc. (Eugene, OR). It has an absorbance maximum of 500 nm and an emission maximum of 523. Mitochondrial suspensions (40-50 μg mitochondrial prot/mL) were incubated in isolation buffer for 5 min in the dark with RH123 (0.5 μg/mL), after adding various agents. For state 4 conditions, mitochondrial samples were incubated with rotenone 25 μmol/L and energized with sodium succinate 5 mmol/L, and with rotenone 25 μmol/L, sodium succinate 5 mmol/L + ADP 200 μmol/L for state 3 conditions. The uncoupler CCCP 10 μmol/L was added to confirm that the uptake of RH123 was related to mitochondrial membrane potential.
The mitochondrial free radical production was measured by RH123 production, a fluorescent molecule derivated from DihydroRh123 without charge (DHR123) (Molecular Probes Inc.) employing the cytometry method performed by O'Connor [28] with a small modification. The mitochondrial homogenates (100 μg/mL) were incubated with DHR123 8.2 nmol/L and radish peroxidase 7 U/mL for 5 min, at room temperature. Fluorescence values from the substrates were normalized with that obtained with peroxidase + uncoupler CCPC. H2O2 1 mmol/L was employed as positive control.
After incubation, the suspensions were analyzed immediately. Gated mitochondrial population was chosen by flow cytometry, based on forward scatter (FS) and side scatter (SS) within mitochondria samples.
Citofluorometric analysis was performed by using a flow cytometer EPICS XL (Beckman-Coulter, CA). Green fluorescence was detected with a wide band filter for RH123 centred in 525 ± 20 nm (FL1).
The fluorescence intensity of dyes reflecting a minimum of 15 000 individual mitochondria per sample were analyzed in an Epics XL flow cytometer (Beckman-Coulter, CA) using System Ⅱ version 3.0. Software.
In vitro mitochondrial activities
Mitochondrial suspensions were thawed and diluted with potassium phosphate. Activities of the respiratory chain enzymes were measured at 37℃ in Cobas Mira (ABXMicro, Alemania). In vitro mitochondrial activities were assessed as follow.
ComplexⅠNADH-ubiquinone oxidoreductase (E.C. 1.6.99.3.): The activity was measured by following the decrease in absorbance due to oxidation of NADH to NAD at 340 nm [29] . The reaction mixture contained potassium phosphate 1.0 mol/L (pH 8), NaN3 0.1 mol/L, EDTA 1 mmol/L, NADH 10 mmol/L, Coenzyme Q1 1 mmol/L. The reaction was initiated by the addition of the mitochondrial suspensions and was monitored for 10 min.
Complex Ⅱ Succinate-ubiquinone oxidoreductase (E.C. 1.3.5.1.): The activity was measured by following the decrease in absorbance due to coupled reduction of 2,6-dichlorophenolindophenol (DCPIP) at 600 nm. The reaction mixture contained sodium succinate 1.0 mol/L, potassium phosphate 1.0 mol/L (pH 7), 10% Triton X-100, EDTA 1 mmol/L, NADH 10 mmol/L, 0.1% DC-PIP, Coenzyme Q2 0.01 mg/mL. The reaction was initiated by the addition of the mitochondrial suspensions and was monitored for 10 min.
Complex Ⅲ Ubiquinol-ferricytochrome c oxidoreductase (E.C.1.10.2.2.): The activity was measured by following the increase in absorbance due to the reduction ferricytochrome c at 550 nm. The reaction mixture contained sodium succinate 1.0 mol/L, potassium phosphate 0.04 mol/L (pH 7.4), NaN3 0.02 mol/L, EDTA 0.1 mmol/L, 0.1% bovine serum albumin, (CoQ2) H2 0.05 mg/mL. Mitochondrial sample was added and reaction was initiated by the addition of ferricytochrome c 3 mg/mL and was monitored for 2 min. Ferricytochrome c was prepared according to Trounce et al [30] .
Complex Ⅳ Ferrocytochrome c-oxygen oxidoreductase (E.C.1.9.3.1.): The activity was measured by following the decrease in absorbance due to the oxidation of ferrocytochrome c at 550 nm. The assay mixture consisted of potassium phosphate 0.1 mol/L (pH 7.4) and 1% ferrocytochrome c. The reaction was initiated by the addition of mitochondria and the reaction was monitored for 2 min. Ferrocytochrome c was prepared according to Trounce et al [30] .
Complex V ATPase (E.C: 3.6.1.34.): The activity was assayed by coupling the reaction to the pyruvate kinase and lactate dehydrogenase systems and measuring NADH oxidation at 340 nm. The assay system contained Tris-HCL buffer 65 mmol/L (pH 7.5), sucrose 300 mmol/L, 
Statistical analysis
Data are expressed as mean ± SEM. Statistical significance was estimated with paired or unpaired t-test as appropriate. A P-value of < 0.05 was considered significant. All analyses were performed by using the SPSS version 10.0. (SPSS Inc, Chicago, USA) statistical package.
RESULTS
At baseline, before the onset of IGF-Ⅰtreatment, groups CI and CI + IGF-Ⅰshowed similar serum levels of alanine aminotransferase, aspartate aminotransferase, glucose, cholesterol, alkaline phosphatase, bilirrubin, total protein and albumin which were all of them significantly abnormal when compared to those in control rats (Table 1) . According to previous data, the biochemical results in this series showed an improvement of liver function tests as it is summarized in Table 1 .
In agreement with previous results, a reduction of fibrosis ( Figure 1 ) and liver oxidative products were also observed in CI-IGF group: 4-hydroxynoneal, CO = 0.64 ± 0.05; CI = 0.78 ± 0.03; CI + IGF-Ⅰ= 0.73 + 0.04 (nmol/mg prot.); Protein carboxyl content (nmol/mg prot.): CO = 6.48 ± 0.71; CI = 8.15 ± 0.60; CI + IGF-Ⅰ= 6.80 ± 0.64 (P < 0.05 CI vs CO), although the reduction was less notable than in previous studies because in this series (see Methods) cirrhotic animals received CCl4 doses also during the 4 wk of treatment (with IGF-Ⅰor saline).
Mitochondrial membrane potential
Gated mitochondrial population was chosen by flow cytometry (FCM), based on forward scatter (FS) and side scatter (SS) within mitochondria samples.
The membrane potential was monitored by fluorescence . An evident reduction of fibrosis was found in the cirrhotic group treated with IGF-I in agreement with previous studies [12, 14, 15] .
CI CI + IGF
quenching of RH123 in mitochondria from liver rats under respiratory state 4. Under these conditions, the mitochondrial membrane potential is an index of mitochondrial energy status. Figure 2A shows that the membrane potential in state 4 was significantly decreased in the CI animals compared to control, and was restored upon IGF-Ⅰtreatment (CO, healthy controls = 12.18 ± 0.96, CI, untreated cirrhotic rats = 8.83 ± 0.88, CI + IGF-Ⅰ, cirrhotic rats treated with IGF-Ⅰ= 11.80 ± 0.85 Fluorescence Arbitrary Units -FAU-). In a similar way, in the state 3 (addition of ADP as substrate), expressed as fluorescence arbitrary units, both the control rats and the CI + IGF-Ⅰrats showed significantly higher values than untreated cirrhotics rats treatment (CO = 9.33 ± 0.97, CI = 6.71 ± 0.58, CI + IGF-Ⅰ= 8.62 ± 0.45 FAU) ( Figure 2B ).
Free radical production
Mitochondria from untreated cirrhotic rats showed a significant increase in ROS generation (CI = 0.58 ± 0.03 FAU, P < 0.05 vs CO) when compared to controls (CO = 0.47 ± 0.02 FAU) and cirrhotic rats treated with IGF-Ⅰ(CI + IGF-Ⅰ= 0.45 ± 0.01 FAU, P < 0.05 vs CI): see Figure 3 . Table 2 summarizes the activities of the electron transport complexes in mitochondria from the three experimental groups. As shown in Table 2 , activities of complexⅠ and Ⅲ increased significantly in cirrhotic animals. This increase was significantly higher in the CI + IGF-Ⅰgroup. Therefore, activity of complex Ⅳ was slightly increased in CI and CI + IGF-Ⅰgroups.
Activities of the electron transport complexes
By contrast, complex Ⅱ activity was slightly decreased in cirrhotic rats when compared to control group.
As shown in Figure 4 , ATPase activity declined in untreated cirrhotics rats. However, there was no significant difference between the CO and CI + IGF-Ⅰgroups in complex V activity treatment (CO = 4.52 ± 0.23, CI = 3.43 ± 0.21, CI + IGF-Ⅰ= 3.83 ± 0.31 nmol/min per mg prot).
Measurement of caspase-3 activation
Western blotting for fragment-17 of caspase 3 showed a significant increase of caspase 3 activation in untreated cirrhotic rats when compared to healthy controls ( Figure 5 ). However a notable reduction in the expression of this 
Figure 3
Intramitochondrial ROS production in isolated mitochondria: mitochondria from untreated cirrhotic rats showed an increased production of free radicals as compared to healthy controls (CO) and cirrhotic rats treated with IGF-Ⅰ (CI + IGF). mean ± SEM; a P < 0.05. 
Apoptosis assessment by TUNEL
The number of TUNEL-positive hepatocytes was significant increased in untreated cirrhotic group as compared to controls. IGF-Ⅰtreatment reduced apoptosis in hepatocytes as shown in Figure 6 and Table 3 .
DISCUSSION
This study analyzes the effect of IGF-Ⅰon mitochondrial damage, caspase 3 activation and hepatocyte apoptosis in rats with CCl4-induced cirrhosis. In previous studies, we have shown that low doses of IGF-Ⅰimproved liver function and reduced oxidative liver injury and fibrosis, suggesting a mitochondrial protection [12, 14, 15] . The mechanisms of this hepatoprotection are understood only partially; but, data in this paper give some insight.
When compared to healthy rats, untreated cirrhotic rats showed altered liver function tests and increased hepatic lipid peroxidation and protein carbonil content (PCC) which was -in agreement with previous data [12, 14, 15] and improved with IGF-Ⅰsubstitution.
The present work shows that mitochondrial dysfunction in rats with CCl4-induced cirrhosis is characterized by a significant depletion of the mitochondrial membrane potential (MMP), a reduction of ATPase activity, and a significant increase of intramitochondrial ROS generation.
In addition, these results indicate that the activities in vitro (in optimal conditions) of complexⅠand Ⅲ were highest in cirrhotic animals when compared to control 
Figure 6
Apoptosis by TUNEL in the liver from the three experimental groups: the number of TUNEL positive hepatocytes was increased in untreated cirrhotic rats (CI) as compared to healthy controls (CO). IGF-Ⅰtherapy reduced signifincantly apoptosis in hepatocytes. 
Figure 4
Complex V ATPase activity: ATPase activity was significantly reduced in mitochondria from untreated cirrhotic rats (P < 0.05 vs CO group). IGF-therapy induced a little increase of ATPase activity (P = no significant vs CO group). mean ± SEM; a P < 0.05. animals. It would be an adaptive mechanism as in fact it is not possible to produce a normal proton gradient ( Figure 2 ) in untreated cirrhotic rats. The increased mitochondrial production of O2 · at complexesⅠand Ⅲ and consequently of H2O2 is a common finding in oxidative mitochondrial damage [31, 32] . Uncontrolled mitochondrial formation of ROS promotes the activation of the mitochondrial membrane permeability transition [31] . Several research groups have tried to characterize the effect of chronic ethanol consumption and CCl4-induced liver injury showing morphological alterations in mitochondria and deficient substrate oxidation, ADP phosphorylation, cytochrome c and enzyme content [16, 31, [33] [34] [35] [36] [37] . On the other hand, other authors have concluded that in chronic CCl4-treated rats, liver mitochondria are morphologically and functionally intact [38] . In the present work, the described alteration in mitochondrial function occurred at least after 16 wk of CCl4 exposure.
The major finding of this work is that mitochondrial dysfunction leading to hepatocyte apoptosis is improved by IGF-Ⅰtherapy. These results give new evidence of the hepatoprotective properties of IGF-Ⅰin experimental cirrhosis [12, 15] . In the present work, oxygen consumption by isolated mitochondria was not assessed and consequently proton leak data (oxygen consumption/MMP) are not available. However, the observed reduction of MMP with an increased generation of ROS suggests that oxygen is wasted by damaged mitochondria producing H2O2 instead of a normal proton gradient, driving force of ATP synthesis through the proton pumping F1F0 adenosine triphosphate synthase (ATP synthase) [31] . The described mitochondrial dysfunction in this paper is corrected by IGF-Ⅰtherapy since mitochondria from IGF-Ⅰtreated cirrhotic rats showed a normal MMP and a recovered ATPase activity resulting in increased activity of complexⅠand Ⅲ, but reduced ROS generation. Taken together, all of these data suggest an extramitochondrial protection of mitochondria by IGF-Ⅰ.
Previously, we have reported that IGF-Ⅰtreatment restored the expression of several protease inhibitors such a alpha-1-antichymotrypsin, the serine protease inhibitor 2 [13] , that could contribute to the described mitochondrial protection. Further studies are necessary to elucidate all mechanisms involved in the hepatoprotection induced by IGF-Ⅰ. In the previously mentioned work, we provided evidence that IGF-Ⅰtreatment in cirrhotic rats modulates gene expression, reverting the global hypomethylation of the genomic DNA observed in cirrhosis [13] . On the other hand, the mitochondrial dysfunction in the present study was associated with an overexpression of the active fragment of caspase 3 and an increased number of TUNEL positive hepatocytes in untreated cirrhotic rats. In accordance with the improvement of the mitochondrial function described in CI + IGF-Ⅰgroup, IGF-Ⅰtreated animals showed a significant reduction of caspase 3 activation and apoptosis of hepatocytes.
In recent years, mitochondria have been recognized as regulators of cell death [39, 40] . Cellular dysfunction induced by intra-or extracellular insults converge on mitochondria and induce a sudden increase in permeability on the inner mitochondrial membrane, the so-called mitochondrial membrane permeability transition (MMPT). MMPT is caused by the opening of pores in the inner mitochondrial membrane, matrix swelling and outer membrane rupture. The MMPT is an endpoint to initiate cell death and a putative target for cellular protection since MMPT and the release of mitochondrial cytochrome c activate the apoptotic pathway by which initiator caspases (i.e. caspase 8 and 9) are converted to their active forms, which in turn activate downstream effector caspases (i.e. caspases 3, 6 and 7). Finally, cellular targets of the effector caspases include endonucleases and cytoskeletal proteins [41] . These results show that IGF-Ⅰinduces cell resistance to apoptosis by oxidative stress through mitochondrial protection. Mitochondria seem to be the main cellular targets of IGF-Ⅰaction. Likewise, our data are in agreement with the observation that the effect of serum withdrawal on the autophagy of dysfunctional mitochondria is prevented by the addition of IGF-Ⅰ [42] . Accordingly, it has been reported that IGF-Ⅰinhibited the reduction of MMP, cytochrome c release, caspase 3 activity and apoptosis in several cell lines and experimental procedures [43] [44] [45] . The described improvement of mitochondrial function in cirrhotic rats by IGF-Ⅰtherapy resulted in an increment of the ATP synthesis. Interestingly, a recent trial with cirrhotic patients showed that the IGF-Ⅰtherapy induced an improvement in albumin and metabolism increasing resting energy expenditure (REE) (kcal/d) [46] . Although the mechanism by which IGF-Ⅰinfluences REE in cirrhotic patients remains to be clarified, it could be related with an increment of ATP availability after IGF-Ⅰtherapy.
In conclusion, these results show that IGF-Ⅰexerts a mitochondrial protection in experimental cirrhosis leading to reduced caspase activation and apoptosis and increasing ATP production. This work provides new evidence of the beneficial effect of IGF-Ⅰsupplementation in experimental liver cirrhosis and experimental basis for further studies at exploring the potential of IGF-Ⅰin the treatment of human cirrhosis.
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